Abstract Rainfall and runoff play an important role in the process of soil erosion, which is usually expressed with the R factor. To calculate the R factor, long-term precipitation data are needed with high temporal resolution, typically available for only few locations. The aim of this study was to obtain an approximate relationship between the more commonly available daily precipitation data and the R factor. A set of equations is presented for calculating monthly and annual R factor values based on daily precipitation data for a sub-Mediterranean region in southwest Slovenia, and their applicability is discussed. The sum of squares of daily precipitation was found to be the best descriptor of the monthly R factor. The ratio between the R factor and the sum of squares of daily precipitation varies throughout the year and generally follows the mean monthly temperature, with the efficiency coefficient, e, of 0.869 between predicted and observed data on the annual basis.
INTRODUCTION
Rainfall and runoff drive the process of soil erosion. A parameter that is often used to describe the rainfall and runoff erosivity is the RUSLE R factor. For a storm, this is defined as a product of the storm's total kinetic energy (E) and its maximum 30-min rainfall intensity (I 30 ) (Renard et al., 1997) . The annual (monthly, etc.) R factor is computed as a sum of R factors of individual erosive events in a period of the year (a month etc.). An erosive event is a rainfall event with more than 12 mm of total rainfall accumulation or with at least 6 mm of rainfall accumulation in 15 minutes. The events are separated from each other if there is less than 12 mm of rainfall accumulation in 6 hours. To compute the R factor, rainfall data with high temporal resolution (intervals shorter than 30 min) is needed, which are often limited or not available.
The aim of this study was to obtain estimates of the R factor for the Slovene Adriatic coast (Fig. 1 ) that could be used for analyses of spatial and temporal changes in the R factor and soil erosion rates. In the first part of the 20th century, the area, which predominantly lies on a flysch substrate, was exposed to severe erosion and land degradation due to extensive agriculture and pasturing. In the 1970s, torrent control measures were carried out in the headwaters of certain watersheds. Also, the decrease in population in the last 30 years led to the abandonment of agricultural land and to natural reforestation (Globevnik & Sovinc, 1998) , causing significant changes in land use. In the year 2000, an experimental watershed was established in the Dragonja River basin (Globevnik, 2001 ). The main aim was to study the impact of land-use changes on various ecological parameters (Globevnik, 2001) , among others soil erosion (Petkovšek, 2002; Keesstra, 2002) . There is only one meteorological station with continuous 5-min precipitation data in the area; therefore, an empirical relationship for estimating the R factor from daily rainfall data had to be derived. Such an empirical relationship should not only perform well on the annual scale (overall performance) but should also give good results for individual months, especially those with a high soil loss ratio. As pointed out by Yu et al. (2001) , monthly distribution is needed to calculate the RUSLE average annual cover and management factor, which in turn is required to predict annual soil erosion rates, and to assess erosion hazard. Finally, the analysis of the required length of the data set must be performed. Renard et al. (1997) recommend using a time period of 20 years of measurements to obtain representative results. Therefore, the quality of an empirical relationship can be determined by comparing modelled and observed values in an averaging period of approximately 20 years.
There have been several attempts to estimate the R factor on the basis of daily or monthly rainfall data. For Bavaria (Germany), Auerswald & Schmidt (1986) related the annual R factor to the amount of summer (May-October) rainfall. The same approach was used by Asselman (1997) , who developed an R-factor relationship for the Rhine River basin. The Fournier climate index and its modification can also be used to predict the annual R factor (Lal & Elliot, 1994; Nearing, 2001) . A limitation to these studies is that they do not give information about seasonal distribution of rainfall and runoff erosivity. Methods that predict monthly R factors usually take the form:
where coefficient a and exponent b are the method's parameters and P d is the daily precipitation. Daily precipitations for all days with P d > 0 in the given month are summed. The coefficient a varies both temporally and spatially (Richardson et al., 1983) . For theoretical rainfall distributions, Brown & Foster (1987) showed that the exponent b is close to 2, while Bagarello & D'Asaro (1994) stated that a number of empirical approaches gave values of b that were between 1.5 and 2.2. In a recent study, Bhuyan et al. (2002) used a value of b = 2.45 for watersheds above Cheney Reservoir in Kansas. Apart from equation (1), other approaches exist to express the R factor. Santos Laureiro & Azevedo Coutinho (2001) obtained a satisfactory relationship between the monthly R factor and the number of days with rainfall in excess of 10 mm (d 10 ) and the sum of precipitation in these days (P 10 ) for the Algarve region (Portugal). The Gavrilović soil loss equation (Gavrilović, 1970) was widely used in the former Yugoslavia and some other parts of the Mediterranean. The equation does not use the R factor, but simply takes the annual precipitation (P a ) and mean annual temperature (T a ) as the climatic factor. For assessing soil erosion rates in Slovenia (northwestern part of former Yugoslavia), this was found inadequate by Pintar et al. (1986) , who suggested using the maximum daily precipitation (P max ) to assess the climatic impacts on soil erosion.
METHODS AND MATERIALS
The data set that was used for the determination of the statistical relationship between the R factor and daily precipitation (P d ) was obtained from a meteorological station operated by the Environmental Agency of the Republic of Slovenia (Štucin, personal communication, 11 March 2002) , located in Portorož, close to the northernmost point of the Adriatic Sea (Fig. 1) . The meteorological station is equipped with an automatic tipping-bucket raingauge and a totalizing raingauge. Data are recorded at 5-min intervals with a resolution of 0.1 mm. The whole data set is 26 years long . Average annual precipitation for this period was 993.6 mm. In this period, there were 30 days (0.32%) when the automatic tipping bucket raingauge did not operate. On these days, the total raingauge recorded 460.0 mm precipitation, which is 1.78% of the total precipitation in this period.
The studied location has a sub-Mediterranean climate with annual rainfall of about 1000 mm. Autumn (September-November) has the highest amount of rainfall and the storms usually occur in summer and autumn. The average daily temperature ranges between about 5ºC in January and 23ºC in July. Using the Revised Universal Soil Loss Equation (RUSLE-Renard et al., 1997) , the average annual R factor is 3080 MJ mm ha and the average number of erosive events is 42 (Petkovšek, 2002) . The monthly distribution of the R factor and rainfall is plotted in Fig. 2 .
The R factor was calculated from the 5-min data. Following the RUSLE procedure (Renard et al., 1997) , the program extracts erosive events from the data and for each of them computes the amount of rainfall, energy of rainfall, maximum 30-min intensity and R factor.
Daily precipitation (P d ) was obtained by summing the rainfall amount of the 24-h interval ending at 07:00 h. From P d , the following parameters were also calculated for each month: maximum daily precipitation in a month (P max ), sum of precipitation in a month only on days with more than 10 mm of precipitation (P 10 ) and the number of days in a month with more than 10 mm of precipitation (d 10 ).
When predicting monthly R factors on the total set of n = 312, two statistical models were tested: multiple linear regression on P max , P 10 and d 10 and two-parameter nonlinear regression on P d of the form of equation (1). The latter model performed better and was further analysed for monthly variation of model parameters on 12 sets of n = 26. The constant values of model parameters were now substituted by monthlydependent expressions. Yu & Rosewell (1996) proposed using a periodic function to express monthly variation of the parameter a (but which can be applied to any parameter), as follows:
where f = 1/12, j is month number (1 to 12) and α, η and ω are model parameters. Relationships based on average monthly temperature (T) were also used in linear and power form:
The goodness of fit of a statistical model was assessed with the efficiency coefficient, e, which is similar to the coefficient of determination (r 2 ) but also applicable to nonlinear models (e.g. Nash & Sutcliffe, 1970) :
where Y is the observed value, Y m the modelled value and Y 0 the mean of observed values.
The comparison between modelled and observed values for different averaging periods was assessed by means of the root mean square error (RMSE).
RESULTS AND DISCUSSION
The values of the efficiency coefficient e for the model of the monthly R factor with linear relationships with P max and a combination of P 10 and d 10 were low: e = 0.58 and e = 0.65, respectively. The best statistical relationship between the monthly R factor and daily precipitation data P d could be obtained by the power relationship (equation (1)) with a = 0.112 and b = 2.03. The value of the efficiency coefficient was e = 0.72. Furthermore, substituting the exponent value b = 2.03 in the power relationship with the theoretical value of b = 2 yielded the value of parameter a = 0.128, and the efficiency coefficient e only differed on the fourth decimal place. To make the model simpler, the value of b = 2 was chosen for use in further analysis: . 128 . 0 2 å = d P R When each month was analysed separately, the value of a was found to vary significantly during the year (Table 1) ; if this set of a values is used instead of a single value of a = 0.128, the overall efficiency coefficient is e = 0.881.
Equations (2), (3a) and (3b) for expressing monthly variability of a also gave good results. For the periodic function (equation (2) coefficient was e = 0.866 and e = 0.869, respectively. Distribution of a and e for the three different approaches is given in Table 2 .
Among these models, equation (3b) performed best and can be recommended for further use. It performed well on the overall scale and also in the period of JuneFebruary (Table 2 ). In the spring months (March-May) its performance was poor.
To achieve a good overall performance, a model needs to produce accurate estimates in the months with high R factors, when errors are also high; whether a model performs well on months with a low R factor, does not greatly affect its overall performance. In the studied case, the beginning of the year (January-April) is a period of high soil loss ratios (Petkovšek, 2002) and therefore the soil loss in this period is comparable to the soil loss in months with a high value of the R factor. For this reason, a model had to produce good results in this period as well. A simple solution was to use the values from Table 1 for the months of March (a = 0.044) and April (a = 0.046). As can be seen from Table 1 , the same solution could not be applied to the month of May (low value of e = 0.46). Therefore, further refinement of the model for this month was performed.
The relationship between ΣP d 2 and R for the month of May is given in Fig. 3 . The 26 data points belong to two groups: the first having a high R to ΣP d 2 ratio and the second having a low R to ΣP d 2 ratio. Numbers next to the points represent the number of days with daily rainfall above 12 mm (d 12 ), which represents minimum rainfall for an erosive event (Renard et al., 1997) . The points with d 12 = 1 belong to the first group (high R to ΣP d 2 ratio); the points with d 12 ≥ 3 belong to the second group (low R to ΣP d 2 ratio). For points with d 12 = 2, it is difficult to say to which group they belong. The goodness of fit is somewhat better when these points are classified to the second group (e = 0.87) than to the first group (e = 0.85).
Based on the above analysis, the best result for the parameter a was:
June-February:
March:
April:
May:
Overall efficiency coefficient e for model (5a)-(5d) is 0.879. The last step of model evaluation was to calculate averaging periods required to obtain satisfactory results for the R factor. Figure 4 shows the relative RMSE for different averaging periods, given as a percentage of the average observed value of the R factor. Observed R factor values are computed values from the observed 5-min rainfall data. For the averaging period of three years, the relative RMSE is below 10%, and for the averaging period of 10 years, it is below 5%. Comparing these results to the recommended averaging period of 20 years, the overall quality of the proposed statistical model can be evaluated as good.
Results for individual months are presented in Fig. 5 , which shows the efficiency coefficient e and the relative RMSE for the averaging period of 10 years, given as a ratio to the average observed value in the averaging period. As expected, the results for the monthly R factor (relative RMSE < 18%) are not as good as in the case of the annual R factor (relative RMSE < 5%). Still, they can be considered good, especially in the period of September-March (relative RMSE < 12%).
CONCLUSIONS
Two models for estimating rainfall and runoff erosivity R factor, based on daily precipitation data for a sub-Mediterranean drainage basin in southwestern Slovenia were derived. Both models have the capability to predict monthly R factor values. A simple single-equation model is a good predictor on the annual scale (equation (3b), e = 0.869). A more complex model (equations (5a)-(5d)) gives good predictions for all months, including those with a low R factor. However, these months (March-May) are important for assessment of annual soil erosion rates, since they have high soil loss ratios (soil is less protected than in summer and autumn). The phenologic data from the meteorological station in Portorož for years 2000 and 2001 shows that the leaf-less period ends in late April, and that the full-leaf period ends in mid-October (Šraj, 2003) . The overall efficiency coefficient (e) for the complex model is 0.879, which is slightly better than for the first model. For March, April and May, values of e, which were below 0.50 in the case of the simple model, are improved to 0.65, 0.62 and 0.87, respectively, in the complex model. In the complex model the relative RMSE values for these months are 8, 18 and 13%, respectively. The meteorological station in Portorož is the only one with frequently-sampled rainfall intensity data on the Slovene Adriatic coast. For a spatial analysis of rainfall erosivity in this area, the proposed model should be used together with the available daily rainfall data. The same is the case for a temporal analysis of R factor changes.
